Spatial density profile of electrons near the LaAlO 3 /SrTiO 3 heterointerface revealed by time-resolved photoluminescence spectroscopy The depth profile of the electron density near the LaAlO 3 /SrTiO 3 heterointerface has been studied by means of time-resolved photoluminescence (PL) spectroscopy. A broad blue PL band is observed at 2.9 eV, originating from the two-carrier radiative recombination of interface-induced electrons and photoexcited holes. The PL lifetime of LaAlO 3 /SrTiO 3 heterointerface is dominated by the three-carrier Auger recombination of electrons and holes and is sensitive to electron density. We tuned the probing depth by changing the excitation photon energy and evaluated the carrier-density profile using the relation between the carrier density and the PL lifetime. Our non-contact probe method based on PL spectroscopy indicates that the carriers are confined within several nanometers in depth near the LaAlO 3 /SrTiO 3 heterostructures. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4872171] Recent progress in layer-by-layer thin-film growth techniques has enabled the precise design of heterostructures that possess unique functionalities beyond bulk crystals.
1 Since the discovery of a quasi-two-dimensional electron gas (2DEG) system formed at the LaAlO 3 /SrTiO 3 (LAO/STO) heterointerface, 2 oxide heterostructures have attracted a great deal of attention both from the viewpoints of fundamental physics and device applications. [3] [4] [5] Electrical conduction appears at an AlO 2 -LaO/TiO 2 interface with a LaAlO 3 layer above the critical thickness ($4 unit cells). Electrons are confined within a few nanometers in depth on the SrTiO 3 side, 6, 7 and the interface carriers display a variety of fascinating properties. [8] [9] [10] [11] [12] [13] [14] These findings stimulate the development of electronic devices based on oxide heterointerfaces, such as field effect transistors and nonvolatile memories. [15] [16] [17] [18] For further development of devices based on the oxide heterointerface, we must unveil the physics behind the 2DEG formation.
The formation mechanism of 2DEG has been discussed in terms of polarization catastrophe (charge transfer from the LAO surface to the interface), atom interdiffusion, and oxygen vacancies induced at the interface. 8, [19] [20] [21] It is believed that each of them can play a critical role in 2DEG formation depending on fabrication conditions. 18, 19 To discuss the 2DEG formation mechanism, it is important to study the depth profile of the interface carriers, which requires developing a noncontact and non-destructive probe method to minimize the influence of the measurement on the electronic state.
We have previously studied the nature of carriers and carrier recombination dynamics of bulk SrTiO 3 crystals by means of optical probe techniques, such as time-resolved photoluminescence (PL) and transient absorption (TA) spectroscopy. [22] [23] [24] [25] [26] Strongly photoexcited or electron-doped SrTiO 3 shows a broad blue PL band at room temperature because of the radiative recombination of electrons and holes. The PL dynamics of SrTiO 3 can be explained on the basis of a simple model that includes nonradiative Auger recombination involving three carriers such as electron-electonhole. 22, 23, 27 Because we have quantitatively evaluated the Auger recombination rate of SrTiO 3 , whereby the carrier dynamics depend on the carrier density, the analysis of the PL dynamics provides the requisite information on the carrier density. Using this non-contact probe method for evaluating carrier recombination dynamics, we have demonstrated the quantitative evaluation of the spatial carrier-density profile in Ar þ -irradiated SrTiO 3 , where the oxygen-deficient metallic surface layer exists near the surface. 26 Here, we report the room-temperature PL decay dynamics of an n-type conducting LAO/STO heterointerface. With an increase in the photon energy (in other words, a decrease in the penetration depth of the excitation light), the PL decay time decreases. This result means that the Auger recombination rate is enhanced due to the high carrier density near the interface. The PL dynamics is converted into the depth profile of the interface carrier density using a genetic-algorithm (GA)-like analysis, where a set of trial functions asymptotically approaches the actual carrier-density profile. Our noncontact probe technique provides an independent method to probe the carrier density distribution at the interface. In addition, the analysis method proposed here offers a powerful tool for interpreting PL dynamics in inhomogeneous materials.
We used chemically electron-doped SrTiO 3 
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procedure have been described elsewhere.
14 Time-resolved PL spectra were measured with a time resolution of 40 ps using a streak camera and a monochromator. The excitation light source was a wavelength-tunable optical parametric amplifier system based on a regeneratively amplified mode-locked Ti:sapphire laser with a pulse duration of 150 fs and a repetition rate of 1 kHz. The excitation laser beam was used to illuminate the LaAlO 3 side of the sample. Because the bandgap energy of LaAlO 3 ($5 eV) is much higher than the excitation photon energy, no photo-absorption occurs in the LaAlO 3 layer, and the excitation light reaches the SrTiO 3 layer with negligible loss. The laser spot size on the sample surface was carefully measured using the knife-edge method. All spectroscopic measurements were carried out at room temperature. Figure 1 shows the time-integrated PL spectra of a Nbdoped SrTiO 3 single crystal and an n-type LAO/STO heterostructure at room temperature. The excitation photon energy was 4.00 eV. The corresponding optical penetration depth is 15 nm. 28 The PL spectrum shape of the LAO/STO heterostructure shows a broad blue PL band at around 2.9 eV and is almost identical to that of the Nb-doped SrTiO 3 single crystal. This indicates that the origin of the PL of the LAO/STO heterointerface is the same as that of an electron-doped SrTiO 3 single crystal.
As we have previously reported, the blue roomtemperature PL of SrTiO 3 stems from the two-carrier radiative recombination of electrons and holes, and the PL decay dynamics is well reproduced by the following equations considering the three-carrier Auger recombination process:
IðtÞaBnðtÞpðtÞ:
Here, I(t), n(t), and p(t) are, respectively, the PL intensity, electron density, and hole density at time t. A n and A p are, respectively, the electron and hole trapping rates. B represents the two-carrier radiative recombination coefficient. The radiative recombination rate is negligibly small compared to the trapping rate and the Auger recombination rate. C n and C p are, respectively, the three-carrier (electron-electron-hole and electron-hole-hole) non-radiative Auger recombination coefficients. Due to the Auger recombination process, the PL decay profile of undoped SrTiO 3 single crystals depends strongly on the excitation power density under high-density excitation. In the case of undoped SrTiO 3 , the electron and hole densities just after the photoexcitation are identical. Therefore, according to Eqs. (1a)-(1c), the PL intensity is approximately proportional to the square of the photoexcited carrier density. 25, 26 In electron-doped SrTiO 3 , where the photoexcited carrier density (n) is much below the doped carrier density (N e ), Auger recombination of photoexcited holes and doped electrons is dominant, and the recombination of photoexcited electrons and hole is negligible. Therefore, in this case (where N e ) n), Eqs. (1a)-(1c) can be simplified, yielding
IðtÞ a BN e pðtÞ:
The PL intensity increases linearly with the excitation density, and the PL decay profile is independent of the excitation density. According to Eqs. (2a) and (2b), the PL decay shows exponential decay, and the decay rate (A þ CN e 2 ) is determined by the carrier density. In other words, we can estimate the doped-carrier density of SrTiO 3 by means of the PL dynamics. By altering the excitation photon energy, we can change the probed region of the sample, as schematically illustrated in Fig. 2(a) , because the penetration depth is strongly dependent on the excitation photon energy. 26, 28, 29 Therefore, we can make a quantitative evaluation of the spatial carrier-density profile from the PL decay dynamics under excitation at various excitation energies. PL dynamics show nonexponential decay profiles, which are almost independent of excitation density below 420 lJ/cm 2 . The time-integrated PL intensity is linearly dependent on the excitation density, as shown in Fig. 2(c) . The carrier recombination dynamics of the LAO/STO heterostructures are completely different from those of undoped SrTiO 3 . These results suggest that both the radiative and nonradiative recombination of photoexcited electrons and photoexcited holes are negligibly small below 420 lJ/cm 2 . In the experiment used to collect the data shown in Fig. 3 , the excitation density was below 420 lJ/cm 2 , where the PL decay profile is independent of excitation density. Figure 3(a) shows the PL dynamics of the LAO/STO heterostructure under different excitation photon energies. The PL decay curves show non-exponential profiles, indicating the non-uniform spatial distribution of carriers. With an increase in photon energy (or a decrease in penetration depth), the PL decay becomes faster. This indicates a higher electron density near the interface.
In the sample with a large spatial distribution of carriers, the temporal variation of the PL is expressed as
where p(z,t) is given by Eqs. (2a) and (2b), p(z,0) ¼ p 0 exp(Àaz), and 1/a is the optical penetration depth. Here, we used the A and C coefficient values from undoped SrTiO 3 single crystals. 23 Note that we assume here that photoexcited holes are immobile because of their highly localized nature. We can easily calculate the excitation-energy-dependent PL dynamics based on the depth profile of the carrier density using Eqs. (2a), (2b), and (3). However, the inverse calculation is difficult: in general, it is difficult to estimate the integrand from integrated values by solving integral equation such as Eq. (3).
Here, we used a GA-like approach to derive the carrierdensity profile from the PL dynamics. The fundamental procedures of this GA-like analysis are as follows: (i) A set of trial functions for carrier-density profiles was prepared. Our initial trial functions are exponential functions with different decay constants. (ii) The PL dynamics for the trial functions were calculated by using Eq. The calculated depth profile of the carrier density is shown in Fig. 3(b) . The maximum carrier density was 3 Â 10 20 cm -3 at the interface, and most of the carriers are confined within a 5-nm interface region. Although it is difficult to determine the carrier density below several nanometers accurately, taking the penetration depth of 15 nm for 4.00 eV into consideration, we can conclude that most of the carriers are strongly confined within several nanometers of the interface. In addition, by integrating the calculated depth profile of carriers between 0 and 15 nm, we obtain two-dimensional carrier density N 2D $ 2 Â 10 14 cm
À2
, which is quite close to e/2 per unit cell (N 2D $ 3 Â 10 14 cm
) derived from the polar catastrophe model. 2 This result suggests that the electronic reconstruction due to the polar catastrophe mechanism at the interface is the dominant source of the interface conductivity. On the other hand, carriers still exist at depths of several tens of nanometers, which indicate that there are weak contributions to the interface conductivity from other factors such as oxygen defects in this sample. This weak component of the carrier density spreads to depths of over 1 lm in our calculation (see the inset of Fig. 3 ). However, it should be noted that the carrier density component at depths of over 1 lm is not well reproduced by our calculation because of the low accuracy of the calculation in this region.
In conclusion, we performed a PL study of LAO/STO heterostructures. The PL spectrum of LAO/STO shows a broad blue PL band that is identical to that of the electrondoped SrTiO 3 single crystal. The PL decay of LAO/STO shows a nonexponential profile, which indicates an inhomogeneous spatial profile of the carriers. From PL decay analyses, we obtained the depth profile of the interface carriers. This result clarified that most of the carriers are confined within several nanometers of the interface on the SrTiO 3 side and that there is also a weak contribution from a component with large spatial extent, which may be due to oxygen defects. 
